Since the turn of the 21 st Century, image based velocimetry techniques have become an increasingly popular approach for determining open-channel flow in a range of hydrological settings across Europe, and beyond. Simultaneously, a range of large-scale image velocimetry algorithms have been developed, equipped with differing image pre-processing, and analytical capabilities. Yet in operational hydrometry, these techniques are utilised by few competent authorities. Therefore, imagery collected for image velocimetry analysis, along with validation data is required both to enable inter-comparisons 5 between these differing approaches and to test their overall efficacy. Through benchmarking exercises, it will be possible to assess which approaches are best suited for a range of fluvial settings, and to focus future software developments.
Experimental Design
Given the range of image velocimetry techniques that have been developed in recent years, benchmarking datasets covering a range of hydro-geomorphic conditions and acquisition platforms are required in order to test the accuracy and precision of each algorithm for the determination of 2-dimensional surface velocities. The examples that we describe in this section have been acquired by a range of platforms including UAS, fixed and hand-held cameras. The geographical characteristics of the 5 sites are also widely varied. Catchment areas span 20-17 460 km 2 , captured channel widths range from 5-28 m, minimum flow depth is 0.22 m, with a maximum of over 7 m, and mean flow velocities range from 0.3 to over 6m s −1 . Where possible, validation data generated by established and widely accepted approaches (e.g. electromagnetic current meter, and acoustic Doppler current profiler (ADCP)) have been collected simultaneously, or at the same river stage as images are acquired. The details pertaining to the hydrological conditions of deployment, configuration of the camera setup, pre-processing of imagery, 10 and where relevant, details of published results from these datasets are presented in the following sections and summarised in Table A2. 3 https://doi.org /10.5194/essd-2019-133 Open Access Earth System Science Data Discussions Preprint. Discussion started: 26 September 2019 c Author(s) 2019. CC BY 4.0 License.
River Arrow, UK
On 1 st November 2017, a field experiment was undertaken on the River Arrow in Warwickshire (UK), to ascertain the accuracy of two differing image velocimetry approaches. The location of this experiment was in the mid-reaches of the catchment with a contributing area of 319km 2 . This is a stable, meandering section of the river with an approximate width of 5 m. During the experiment, mean depth and velocity were 0.22 m and 0.42m s −1 respectively and water turbidity was minimal with the gravel 5 bed being distinctly visible in the footage. The two deployments differed as both fixed and mobile imaging systems were used.
Footage acquired from these two systems was captured concurrently, permitting direct comparisons to be made between the two. The mobile imaging system consisted of a DJI Phantom 4 Pro UAS equipped with a 1" camera CMOS sensor. This was used to collect nadiral footage with the camera's y-axis orthogonal to the direction of flow. Video was collected by the UAS for 4 min 18 s whilst hovering in an approximately stationary position at an elevation of approximately 20 m over the field of 10 interest (Figure 2a ). Footage was recorded at a pixel resolution of 1920 × 1080, and frame rate of 30 Hz. The second approach consisted of a GoPro Hero 4 mounted at an oblique angle on a stationary telescopic pole at a height of approximately 2 m above the water surface. Video footage was simultaneously collected for 5 min 37 s at a pixel resolution of 1920 × 1080, and frame rate of 30 Hz. During this period of recording, sequences consisting of both unseeded flow, and artificially seeded flow are visible. For the seeded element, cornstarch ecofoam chips were added to the water surface immediately upstream of the 15 area of interest. These tracers are clearly visible in the footage and are distributed evenly in the cross-section. Seeding was carried out to enhance the availability of traceable features in the low-flow conditions. From the recordings, four datasets each consisting of 99 consecutive images (sampled at a frame rate of 5 Hz, and converted to grayscale intensity) were extracted from both the UAS and GoPro footage under both seeded and unseeded conditions. In order to enable the conversion of pixel units to metric units a total of ten ground control points (GCPs), which were visible throughout the duration of the video, were 20 distributed across both banks (Figure 2a ). These GCPs were surveyed and their positions utilised for image orthorectification using Fudaa-LSPIV (Table A1 ). Subsequently, the orthorectified images have a scaling of 0.0174 m px -1 ( Figure 2b ). Validation data was obtained for five cross-sections, spaced approximately 1.5-2 m apart through the use of a Valeport electromagnetic current meter. This velocity data was obtained just below the water surface.
River Dart, UK

25
In the UK, a dense network of hydrometric monitoring stations is in place for both water resources and flood prediction purposes. However, under the most challenging conditions, current operational approaches for monitoring river flow may be sub-optimal. The first of a series of image-based monitoring solutions was installed on the River Dart in collaboration with the Environment Agency. This is a rapidly responding 248 km 2 catchment draining the uplands of Dartmoor, with a channel width of 25 m under normal flow conditions. Here, a Hikvision DS-2CD2T42WD-I8 6 mm IP camera was mounted at an oblique 30 angle (77 • from nadir), and connected to a Raspberry Pi 3 Model B. This system was configured to record and transmit videos at a resolution of 1920×1080px and a frame rate of 19 Hz to online servers (AWS S3). The system was commissioned in to the fluvial environment to aid tracking, rather the presence of naturally occurring features are used in the analysis of surface velocities. Following collection, images underwent correction for lens distortion, and have been orthorectified using KLT-IV (Table A1 ). This results in images where each pixel has a spatial scale of 0.02 m. Here we present five sequences of orthorectified images collected across a range of flows spanning approximately three orders of magnitude (10 0 -10 2 m 3 s −1 ) at the original frame rate. To supplement this footage, validation data is available in the form of acoustic Doppler current profiler 5 transects conducted at the same river stage as the video footage was collected (± 0.01 m).
River Thalhofen, Germany
On 27 th July 2017, a Vivotek IB836BA-HT network surveillance camera was utilised to capture footage for image velocimetry analysis on the River Thalhofen in Germany. At the time of deployment, the river width was approximately 28 m, the river stage was 1.45 m, and ADCP derived discharge was 52.515 m 3 s −1 . The camera was fixed in location with the camera lens 10 at an approximate angle of 25 • from nadir and the image y-axis approximately 5 • from being perpendicular to the direction of flow. Images were collected for a duration of 2 s at a resolution of 1280×800px and frame rate of 30 Hz. Despite the presence of highly turbid water, which can diminish contrast across the water surface, the presence of highly visible turbulent structures advecting downstream offer the potential for the extraction of surface velocity information from these images. Image pre-processing consisted of orthorectification (using Photrack software), and color conversion to gray-scale. 56 consecutive 15 images which have been subjected to these processing steps are presented here at their original frame rate of 30 Hz. The pixel dimensions of the processed imagery are 0.01 m in the x and y-axis. Validation data was acquired by means of a Teledyne RiverPro ADCP.
Murg River, Switzerland
On the 4 th April 2016, aerial surveys were undertaken in order to acquire imagery for determining the bathymetry, surface 20 velocity, and to subsequently derive the flow discharge of the Murg River, Switzerland (Detert et al., 2017) . The experiment took place in the middle reaches of the catchment, with a contributing area of 212 km 2 . The experimental reach was a stable, straight section totalling 75 m in length, along which, the water depth was approximately 0.35 m and channel width was 12 m. For the aerial survey a DJI Phantom FC40 was deployed at a stable altitude of 30 m to track the movement of artificial tracers throughout the reach. The UAS was equipped with a GoPro Hero3+ black edition 4K camera, capable of capturing a 25 large spatial footprint whilst deployed at a relatively low altitude. However, this also generates a considerable barrel distortion effect which must be overcome during image processing. This system was used to collect nadiral footage with the camera's y-axis perpendicular to the flow direction. Video footage was acquired for a period of 2 min 11 s at a pixel resolution of 4096×2160 and a frame rate of 12 Hz. During image acquisition, the water was clear, with the channel bed visible in places.
These conditions resulted in a lack of naturally occurring features visible on the water surface that could be used to determine 30 surface velocity. Therefore, throughout the duration of the experiment, spruce wood chips were applied to the water surface from a bridge at the upper extent of the monitored reach. This artificial seeding produced a dense, vivid, and homogeneously distributed pattern of features, the displacement rate of which is considered to equate to the surface velocity. From the video recordings, 1000 images were orthorectified using Photoscan (Agisoft) . This was achieved through the input of geographical coordinates relating to 14 GCPs that were visible at varying times throughout image sequence. This approach is discussed further in Detert et al. (2017) . The subsequent orthorectified images are presented at a time-step of 0.083 s and the raster pixel scale was consistently set at 64px m -1 , equivalent to pixel dimensions of 0.0156 m in the x-axis and y-axis. Meta-data describing the scale of the image per pixel, as well as the [x,y] coordinate of the upper left pixel of each image are provided in 5 the corresponding .jgw file. Validation data was acquired through the deployment of a Teledyne RDI StreamPro ADCP across a single transect in the upper reaches of the studied site.
River Brenta, Italy
Two distinct experimental approaches have been adopted to generate datasets that describe flows in the 252 km 2 catchment of the River Brenta. The first involved the temporary installation of a GoPro Hero 4 Black Edition camera attached to a telescopic 10 apparatus on the downstream side of a bridge (Tauro et al., 2014) . During this deployment, river flow was low with a lack of naturally visible tracers on the water's surface. To compensate for this, wood-chips were manually added to the river upstream of the monitoring site resulting in continuous, and relatively homogeneous coverage for the 20 seconds duration of the image sequences. The camera's field of view was 9.5×5.3 m 2 and it was configured to collect 1920×1080 HD videos at a frame rate of 50 Hz. Distortion of the images as a result of the fish-eye lens was removed using the open-source software GoPro Studio. No 15 subsequent orthorectification of the images was required due to the camera apparatus being installed perpendicular to the water surface. The pixel dimensions of the processed imagery were 0.005 m in the x-axis and y-axis. This could be established either through the projection of two lasers at a fixed and known distance apart to the surface of the river or through identification of a fixed and known object in the field of view. In terms of pre-processing of the imagery, an area of 552×375 pixels in the bottom right corner of the images was masked with a black patch. This was to eliminate noise generated by mobile vegetation within 20 the frame. Original RGB images were converted to gray-scale intensity by eliminating hue and saturation information and retaining the luminance. To emphasize lighter particles against a dark background, images were gamma corrected to darken mid-tones. A total of twelve separate image sequences lasting twenty seconds, subsampled at 25 Hz, and consisting of 500 frames each are presented here.
The second experimental approach involved the temporary deployment of a FLIR Systems AB ThermaCAM SC500. This 25 was suspended from a mobile supporting structure on the downstream side of a bridge at approximately 7 m above the water surface (Tauro and Grimaldi, 2017) . As opposed to capturing images in the usual red, green, and blue bands, this camera is sensitive to thermal infrared radiation, generating a monochrome image with values proportionate to the thermal properties of the objects within the field of view. The application of this approach for image velocimetry requires a distinct thermal signal to be present from either natural (e.g. tributary confluences with water of differing thermal properties), or artificial sources. In this 30 instance, an artificial thermal signal was introduced in the form of ice dices. These were deployed upstream of the bridge and were observed transiting across the field of view as a result of their thermal properties being sufficiently different to that of the water surface. Despite the image resolution being a modest 318 ×197 pixels with a frame rate of 5Hz, this was still sufficient to enable movement of the ice-dices to be tracked. Geometric calibration of the images was achieved by identifying features of known dimensions within the video sequence (i.e. three wooden sticks). The pixel dimensions of the processed imagery are 0.009m. Here we present an image sequence consisting of 80 consecutive frames captured over sixteen seconds. Validation data is available in the form of velocity measurements taken at just 3cm below the water surface at four locations along the stream cross-section using an OTT Hydromet C2 current meter (Tauro et al., 2017) .
La Morge River, France 5
As part of Electricité De France's (EDF) network of monitoring stations for the optimal management of water resources, imagebased velocimetry approaches have been deployed to supplement their existing network of over 300 hydrological monitoring stations. This approach has been specifically adopted with the aim of reducing uncertainty under high flow conditions . These conditions can develop rapidly, particularly during the summer months as a result of convective storms, posing difficulties for traditional monitoring approaches. However, this setup may also be applied to capture images for the determina- tracking purposes. This is typically required where natural seeding is inhomogeneous, or completely lacking, in some settings under low-flow conditions. Following acquisition of the footage, images were converted to grayscale, and orthorectified using Fudaa-LSPIV to generate images in which 1 pixel represents a real-world distance of 0.01 m. Validation velocity data was 20 acquired through the use of a mechanical current meter, with measurements taken at 0.2, 0.6, and 0.8 of the river depth. 15 measurements were made along the cross-section, at intervals of 0.5 m.
St-Julien torrent, France
A high-magnitude flash flood event occurred in the St-Julien torrent system during August 2011. This was captured by a local storm chaser using a Canon EOS 5D mark II camera with a 16 mm fisheye Zenitar lens. Like many headwater systems across 25 Europe, no hydrological monitoring networks are present in this torrent system. Therefore this footage provides a rare insight into the hydraulic processes occurring during a flash flood in a steep, small (20 km 2 ), torrent system. The footage itself was recorded at a resolution of 1920×1080px at a frame rate of 25 Hz (Figure 3a) . The footage was not filmed from a fixed location therefore complications involving camera movement, and orthorectification had to be overcome. These steps are explained in detail in Le Boursicaud et al. (2016) . Following correction for these factors, a sequence of 51 consecutive and geometrically 
River La Vence, France
On May 8th, 2019, a Samsung Galaxy S7 was utilised to capture footage for image velocimetry analysis on the River La Vence, a 63.75 km 2 catchment in France. At the time of deployment, the river width was approximately 6.7 m, the river stage was 0.44 m, with an observed discharge of 1.15 m 3 s −1 . The camera was fixed in location with the camera lens at an approximately 31 • from the water surface and the image x-axis at approximately perpendicular to the direction of flow.
5
Images were collected for a duration of 5 seconds at a resolution of 1920×1080px and frame rate of 30Hz. The presence of visible turbulent structures advecting downstream offer the potential for the extraction of surface velocity information from this footage. Image pre-processing consisted of orthorectification, and color conversion to gray-scale. 150 consecutive images which have been subjected to these processing steps are presented here at their original frame rate of 30Hz. The pixel dimensions of the processed imagery are 0.008m in the x and y-axis. Validation data was recorded by means of a mobile ADCP 10 (HydroProfiler M-pro).
River Tiber, Italy
A permanent gauge station on the River Tiber, Italy was installed to test the feasibility for automated image velocimetry methods to quantify the flow rates of a major European river with a catchment area of 17 460 km 2 . This deployment involves the use of a Mobotix FlexMount S15 IP camera attached to the underside of Ponte del Foro Italico, in the city of Rome (Tauro 15 et al., 2016a) . The wide angle lens on the SP15 camera introduces distortion into the images, which was subsequently removed using the Adobe Photoshop Lens correction filter. In a similar setup to the first of the River Brenta approaches, this camera is positioned orthogonal to the water surface, thereby circumventing the need for orthorectification of the generated images.
Transformation of the camera pixels (px) to metric units (m) was again achieved by firing lasers of a known distance apart at the water surface. The image can be scaled to metric distances given: 1px = 0.016 m. The camera itself generated videos 20 with a resolution of 2048×768px. However these were sub-sampled to 865×530px at a frame rate of ≈ 6.95Hz during prepossessing. The data specifically presented here consists of 410 consecutive frames collected over a 60 second period during a moderate flood event in February 2015. At the time of acquisition, the river stage was 7.23 m, and average surface velocity (measured by a RVM20 speed surface velocity radar) was 2.33m s −1 (Tauro et al., 2017) .
River Bradano, Italy
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On 14 th October 2016, an experiment was undertaken in order to explore the optimal setup for the acquisition of surface flow velocity measurements using an UAS (Dal Sasso et al., 2018) . The experiment took place in the valley portion of the Bradano River, located in the Basilicata region of Italy. This large alluvial river has a catchment area of 2581 km 2 and is characterised by low gradient (0.1%) and low relative submergence (Dal Sasso et al., 2018) . At the time of the experiment, the cross-section width was 11.4 m, with a maximum depth of 0.80 m. The average surface velocity was 0.75m s −1 and total discharge was operatives manually introduced charcoal to the water surface immediately upstream of the monitoring site. The color of these particles was sufficiently distinct from the background to enable their displacement to be optically tracked. However, the distribution of these tracers is generally limited to the central portion of the flow which may limit the availability of traceable features towards the channel boundaries. Following collection of the footage, a number of processing steps were subsequently undertaken. This included conversion of the grayscale images to black and white, and contrast correction in order to more 10 prominently highlight the artificial tracers on the water surface. 600 images which have been subjected to these processing steps are available at their original resolution and frame rate. Transformation of the camera pixel units to metric distance can be achieved using the following function: 1px = 0.009 m. Validation data in the form of surface velocities were obtained at five points in the cross-section, at 1 m intervals using a Seba F1 current flow meter.
River Noce, Italy
15
On 26 th July 2017, in the middle reaches of the 413 km 2 , single-thread, River Noce, a DJI Phantom 3 Pro UAS Sony EXMOR 1/2.3" CMOS sensor was deployed to capture footage for image velocimetry analysis (Dal Sasso et al., 2018) . At the time of deployment, water levels were low with an observed discharge of 1.70 m 3 s −1 . Turbidity was also minimal resulting in the gravel bed being distinctly visible in the footage. The camera was oriented with its x-axis perpendicular to the water surface enabling the 14.6 m wide channel to be fully observed (Figure 4a ). Images were collected for a duration of 1 min 48 s at a 20 resolution of 3840×2160px and frame rate of 24 Hz. The clear water and bright sunlight results in non-homogeneous illumination of the water surface. This is particularly apparent in the lower left quarter of the video frame. Naturally occurring tracers are also largely absent making these challenging conditions for the application of image velocimetry techniques. To offset these issues, wood chips were introduced upstream of the monitoring location. These features were visibly brighter than the background enabling their transition to be detected optically. Image processing consisted of contrast stretching and conversion 25 of grayscale images to black and white in order to enhance the visibility of the artificial tracers against the background ( Figure   4b ). 70 consecutive images which have been subjected to these processing steps are presented here at a downscaled resolution of 1920×1080px and frame rate of 12 Hz. Following sub-sampling, each pixel in the image represents a distance of 0.009 m in metric units. Validation data in the form of surface velocities were obtained at ten locations, at 1 m intervals, along the cross-section using a Seba F1 current flow meter. imately 8.36 m, the river stage was 0.606 m, with an observed discharge of 3.003 m 3 s −1 . The camera was fixed in location with the camera lens at an approximately 30 • from nadir and the image x-axis at approximately 5 • from perpendicular to the direction of flow. Images were collected for a duration of 4.6 s at a resolution of 1920×1080px and frame rate of 30 Hz. Highly visible, naturally occurring, turbulent structures that are advecting downstream offer the potential for the extraction of surface velocity information from these images. Image pre-processing consisted of orthorectification, and color conversion to gray-5 scale. 144 consecutive images which have been subjected to these processing steps are presented here at their original frame rate of 30 Hz. The pixel dimensions of the processed imagery is 0.01 m in the x and y-axis. Validation data was acquired by means of a HydroProfiler M-pro ADCP.
Conclusions
Applied hydrology research, focussing on the quantification of fluid flow processes in river systems, has been greatly enhanced 10 by the availability of large-scale image velocimetry techniques (e.g. Table A1 ). The flexibility of these approaches has led to improvements in the understanding of hydrological processes in otherwise difficult to access environments. This has been possible through image capture using a range of platforms including: unmanned aerial systems, thermal infra-red cameras, Go-Pro's, and IP cameras, which enable non-contact sensing of the waterbody. Consequently, a growing, but disparate, range 12 https://doi.org /10.5194/essd-2019-133 Open Access Earth System Science Data Discussions Preprint. Discussion started: 26 September 2019 c Author(s) 2019. CC BY 4.0 License. of imagery datasets have been produced (e.g. Table A2 ). Here we collate and describe a range of these example datasets, most of which have validation data in the form of velocity measurements undertaken using standard operational approaches (e.g. current flow meter, ADCP, radar). This unique dataset offers the hydrological community the opportunity to conduct image velocimetry benchmarking studies in order to assess the accuracy of existing approaches under a range of differing conditions. The generation of similar standardised sets of images are widely used to evaluate the effectiveness and accuracy of algorithms 5 in related fields such as fluid mechanics (e.g. Okamoto et al., 2000) , and we envisage such a dataset for large-scale fluvial environments will encourage further scientific assessment and development of image velocimetry approaches. Ultimately, forensic assessment of these techniques will provide researchers and competent authorities with a greater understanding of their applicability and limitations.
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